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Abstract: We experimentally study Bragg-scattering four-wave mixing in 
a highly nonlinear fiber at telecom wavelengths using photon counters. We 
explore the polarization dependence of this process with a continuous wave 
signal in the macroscopic and attenuated regime, with a wavelength shift 
of 23 nm. Our measurements of mean photon numbers per second under 
various pump polarization configurations agree well with the theoretical 
and numerical predictions based on classical models. We discuss the impact 
of noise under these different polarization configurations. 

OCIS codes: (190.4370) Nonlinear optics, fibers; (190.4380) Nonlinear optics, four-wave 
mixing; (190.5650) Raman effect; (270.0270) Quantum optics. 



References and links 

1. D.-S. Ding, Z.-Y. Zhou, B.-S. Shi, X.-B. Zou, and G.-C. Guo, "Image transfer through two sequential four wave- 
mixing processes in hot atomic vapor," Phys. Rev. A 85, 053815 (2012). 

2. N. Alic, J. R. Windmiller, J. B. Coles, and S. Radic, "Two-pump parametric optical delays," IEEE J. Sel. Topics 
Quantum Electron. 14, 681-690 (2008). 

3. K. Uesaka, K. K.-Y. Wong, M. E. Marhic, and L. G. Kazovsky, "Wavelength exchange in a highly nonlinear 
dispersion-shifted fiber: theory and experiments," IEEE J. Sel. Topics Quantum Electron. 8, 560-568 (2002). 

4. N. K. Langford, S. Ramelow, R. Prevedel, W. J. Munro, G. J. Milburn, and A. Zeilinger, "Efficient quantum 
computing using coherent photon conversion," Nature (London) 478, 360-363 (2011). 

5. S. Tanzilli, W. Tittel, M. Haider, O. Alibart, P. Baldi, N. Gisin, and H. Zbinden, "A photonic quantum information 
interface," Nature (London) 437, 116-120 (2005). 

6. S. Ramelow, A. Fedrizzi, A. Poppe, N. K. Langford, and A. Zeilinger , "Polarization-entanglement-conserving 
frequency conversion of photons," Phys. Rev. A 85, 013845 (2012). 

7. N. Curtz, R.Thew, Ch. Simon, N. Gisin, and Hugo Zbinden , "Coherent frequency-down-conversion interface for 
quantum repeaters," Opt. Express 18, 22099-22104 (2010). 

8. H. Takesue , "Single-photon frequency down-conversion experiment," Phys. Rev. A 82, 013833 (2010). 

9. C. J. McKinstrie, J. D. Harvey, S. Radic, and M. G. Raymer, "Translations of quantum states by four-wave mixing 
in fibers," Opt. Express 13, 9131-9142 (2005). 

10. H. J. McGuinness, M. G. Raymer, C. J. McKinstrie, and S. Radic, "Quantum frequency translation of single- 
photon states in a photonic crystal fiber," Phys. Rev. Lett. 105, 093604 (2010). 



11. I. Agha, M. Davanco, D. Thurston, and K. Srinivasan, "Low-noise chip-based frequency conversion by four- 
wave-mixing Bragg scattering in SiN x waveguides," Opt. Lett. 37, 2997-2999 (2012). 

12. S. Clemmen, R. Van Laer, A. Farsi, J. S. Levy, M. Lipson, and A. Gaeta, "Towards frequency-coded q-dit ma- 
nipulation using coherent four-wave mixing," in CLEO: QELS-Fundamental Science, OSA Technical Digest 
(Optical Society of America, 2012), paper QM2H.6 (2012). 

13. X. Li, P. L. Voss, J. Chen, K. F. Lee, and P. Kumar, "Measurements of co- and cross- polarized Raman spectra in 
silica fiber for small detunings," Opt. Express 27, 2236-2244 (2005). 

14. K. Krapa, M. Bettenzana, A. Tonello, D. Modotto, G. Manili, V. Couderc, P. Di Bin, S. Wabnitz, and A. 
Barthelemy, "Four-wave mixing in nonlinear fiber with two intracavity frequency-shifted laser pumps," IEEE 
Phot. Technol. Lett. 24, 258-260 (2012). 

15. D. Mechin, R. Provo, J. D. Harvey, and C. J. McKinstrie, "180-nm wavelength conversion based on Bragg 
scattering in an optical fiber," Opt. Express 14, 8995-8999 (2006). 

16. Q. Lin, F. Yaman, and G. P. Agrawal, "Photon-pair generation in optical fibers through four-wave mixing: role 
of Raman scattering and pump polarization," Phys. Rev. A 75, 023803 (2007). 

17. Q. Lin and G. P. Agrawal, "Raman response function for silica fibers," Opt. Lett. 31, 3086-3088 (2006). 

18. E. Brainis, S. Clemmen, and S. Massar, "Spontaneous growth of Raman Stokes and anti-Stokes waves in fibers," 
Opt. Lett. 32, 2819-2821 (2007). 

19. B. P. -P. Kuo, J. M. Fini, L. Gruner-Nielsen, and S. Radic, "Dispersion-stabilized highly-nonlinear fiber for wide- 
band parametric mixer synthesis," Opt. Express 20, 18611-18619 (2012). 



1. Introduction 

Current studies of four-wave mixing (FWM) in third-order nonlinear media, such as hot atomic 
vapours, silicon waveguides or silica fibers, aim to develop high-performance devices for ultra- 
fast, all optical, signal data processing |Q}[3). In the context of quantum computing and com- 
munication, Bragg Scattering type FWM (BS-FWM) or frequency exchange [3] has a high 
potential for achieving coherent single photon manipulation and entanglement-preserving fre- 
quency conversion, as it has already been developed in second-order nonlinear crystals I0H8). 
The BS-FWM can actually provide a simple, efficient, and noiseless means for photon-photon 
optical frequency conversion. This has been recently demonstrated both theoretically (51 and 
experimentally [ 1 1 taking advantage of special photonic crystal fibers operating in the visi- 
ble range of wavelengths. A very recent work shows low-noise BS-FWM in SiN x waveguides, 
with pumps at 1550 nm and signals and idler at 980 nm ifTTl . In view of possible integration 
in single photon based quantum communication fiber networks, extending BS-FWM based fre- 
quency converters to the telecom range for signal and idler is of high interest. In another recent 
work coherent FWM has been proposed for shifting on-demand the carrier frequency of single 
photons at telecom wavelengths in the pulsed regime [12]. 

In this work, for the first time to the best of our knowledge, we investigate experimentally 
the polarization properties of frequency conversion of an attenuated continuous-wave (CW) 
telecom laser using vector BS-FWM and CW pumps. That is, a signal field at 1549.2 nm is 
converted into an idler field at 1526.43 nm. For the first time we also discuss some of the 
limiting factors on exploitability of BS-FWM coming from noise. In our setup it turns out that 
the noise follows the spectral distribution of Raman gain: we study its polarization dependence 
as this represents one of the crucial issues towards the implementation at the single photon 
regime. Because of the anisotropic nature of the Raman gain, we show that both parallel and 
perpendicular contributions to the Raman noise are significant for relatively small frequency 
detunings ff3l . 

2. Experimental setup 

Our all-fiber experimental setup is shown in Fig[T] To mitigate Brillouin scattering in the fiber, 
we took advantage of two independent linearly polarized intra cavity frequency-shifted feed- 
back laser (IFSFL) pumps O operating in the CW regime at 1540.7 nm (PI) and 1563.9 
nm (P2). The two IFSFLs were amplified separately using two erbium-doped fiber amplifiers 



(EDFA), which were filtered and isolated from unwanted back reflections. The ASE noise from 
the amplifiers was reduced thanks to inline thin-film bandpass filters (BPF). Next, to further 
reduce the background spectral level, each pump was filtered using a 100 GHz wideband fil- 
ter (nBF) having a noise rejection of about 60 dB (AOS GmbH). The signal (S) at 1549.2 nm 
was provided by a 5 mW extended cavity laser (ECL) attenuated by 25.6 dB when working 
with photon counters. We controlled the polarization state of the two pumps and the signal by 
means of fiber polarization controllers (PC). The two pumps were combined at a 50/50 fiber 
coupler, while the signal was added through a 5/95 tap coupler, which provided a further in- 
sertion loss of 13 dB for the signal channel. We used a L = 450m long highly nonlinear fiber 
(HNLF) whose zero dispersion wavelength (ZDW) was at 1545 nm. The fiber dispersion slope 
was Q.Q\%ps/{km-nm 2 ) and the fiber nonlinear coefficient was of 7= 10W~ l km~ l (see also 
Ref. ifTBI . At the HNLF input the average powers of pumps were 22 mW (PI) and 15 mW (P2). 
The spectral bandwidth for pumps were of 44 GHz for PI and 50 GHz for P2 (see Ref. lfl4ll for 
details). The ECL laser bandwidth was of 100kHz. 




Fig. 1. Experimental setup: See the text for details. 



At the fiber output, we placed a second 50/50 coupler to analyze two spectral regions si- 
multaneously: one at 1549.2 nm (the residual signal) and one at 1526.43 nm (the idler, whose 
frequency is the sum of the signal frequency and the frequency difference between the two 
pumps). We isolate signal and idler from the two intense pumps by an appropriate narrow fil- 
tering stage. Therefore, at each output arm of the coupler, we cascaded two filters (nBF filter 
followed by a Newport tunable filter) with a total noise rejection of about 100 dB. To explore 
different pump and signal polarization arrangements, we combined, at the output, the PC with 
a fiber polarizer (Pol). Depending on the intensity of the signal channel, we employed two dif- 
ferent detection schemes. With a non attenuated signal, we directly measured the fiber output 
spectrum with an optical spectrum analyzer. On the contrary, when the signal was attenuated, 
we used two photon counters (IDQ 201) operating at 100 kHz trigger rate and 10% detection 
efficiency. We used a gate duration of 2.5 ns, and under these conditions the photon counters 
have a dark-count probability of 2.7 x 10 _6 /ii _1 . 

3. Frequency conversion with non attenuated signal: numerical simulations and experi- 
mental results 

Following Ref. [9], we show first in the left panel of Fig.|2]the results of numerical simulations 
based on two incoherently coupled nonlinear Schrodinger equations (Manakov system) with 
parameters close to our experimental setup. We considered four different input conditions rep- 
resenting different combinations of polarization states for the pumps and the signal. The pump 
powers were set to a fixed values when comparing the effect of the different input polarization 
states in the numerical simulations and in the experiments. To account for the broadband nature 



of the pumps, each plot represents the average spectral power taken over an ensemble of 20 
numerical runs 114]. In case A, pumps and signal are all co-polarized, leading to the strongest 
signal-idler coupling, hence the highest BS FWM conversion efficiency [9 1. In our implementa- 
tion the low value of dispersion limits the conversion efficiency of BS-FWM (from 1549.2 nm 
to 1526.43 nm); moreover, other nonlinear wave mixing effects are also active. For example, 
degenerate four- wave mixing (DFWM) involving PI converts the same signal into an idler at 
1532.3 nm. The relatively large intensity of the DFWM-induced idler is due to the proximity of 
the signal wavelength to the fiber ZDW. Additionally, spontaneous FWM induced by the two 
pumps only generates the two external sidebands in Fig|2]left. In cases B and D, the two pumps 
are cross-polarized, so that only one of them is co-polarized with the signal. Instead in case C, 
the two pumps are co-polarized, while being cross-polarized with the signal and the BS-idler. 
Note that in cases B and C the conversion efficiency is 6 dB lower than in case A (9). However, 
DFWM is switched off due to the lack of parity in the number of photons per polarization state. 
The opposite happens in case D: here the signal is co polarized with PI, such that DFWM is 
active and BS is switched off, as predicted in Ref. [9|. These numerical studies are in excellent 
agreement with the obtained experimental spectra shown in the right panel of the same Figf2] 
More specifically, we observe the cases where both BS-FWM and DFWM are present (case A 
of Fig|2] right panel), and where they are mutually exclusive (cases B, C and D in Fig|2l right 
panel), in full agreement with the relevant polarization arrangements. Case C is of particular 
interest for quantum frequency conversion due to a reduced Raman noise |4]|9]. 
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Fig. 2. Left. Numerical simulations of dual pump FWM. Red: signal at 1549.2 nm; Blue: 
BS idler at 1526.43 nm; Green: DFWM at 1532.3 nm. Cases A - D are described in the text. 
Right. Experimental spectra from an optical spectrum analyzer in the strong signal regime. 
Cases A-D correspond to the numerical simulations shown of the left panel. 



4. Experimental results with an attenuated signal 

Let us now consider the problems arising when aiming at operating in the photon counting 
regime. Because of the low conversion efficiency of our experimental configuration, the sim- 
plest way to distinguish clearly the idler from noise, in all polarization configurations, was to 
provide a large enough signal power. For this reason we measured the residual signal after a 
18dB attenuator (see FigQ}. The 3dB coupler and a chain of filters at the fiber output gave an 
insertion loss of 9dB. At the fiber output we estimated then 600 signal photons/gate. We under- 
line that our signal remains an attenuated laser and not a single photon source. Note however 
that no attenuation was employed for the idler detection for which we estimate 5 photons/gate 
(the idler optical bandwidth at macroscopic signal was 75 GHz thanks to the IFSFLs). The 
experimental results are illustrated in the left panel of Figf3] The histograms provide the mean 
number of detected photons per second, either at 1526.43 nm (BS-idler channel, see top left 



and bottom left and right panels), or at 1549.2 nm (signal channel, top right panel). We ob- 
serve that the ratio between signal and idler counts has the same order of magnitude which 
was previously observed at the macroscopic level, when we consider the effect of the 18dB 
attenuator for the signal channel (see FigfJ]). For each case, the counts were recorded for four 
different input conditions. That is, when all PI, P2 and S are present (blue bars), when only 
PI and S are present (green bars), when only S is present (red bars), and finally when only P2 
and S are present (black bars). Dark counts were negligible being in the order of 1.2 counts/s. 
By looking at the top right panel, which corresponds to case A, we observe that the signal is 
slightly amplified by PI (compare red and green bars) and slightly attenuated by P2 (compare 
red and black bars). Indeed, since the signal wavelength is in-between those of PI and P2, the 
observed signal gain/loss is likely due to stimulated Raman scattering. When both pumps and 
the signal are present, a further signal depletion was measured (compare red and blue bars). 
Correspondingly, we observed a clear count enhancement at the BS-idler wavelength (see the 
blue bar of the top left histogram). Nevertheless, nonzero counts were observed at 1526.43 nm 
even when one of the pumps was switched off. We believe that this noise contribution is mainly 
induced by spontaneous Raman emission from the pumps, as will be discussed later on. Case 
A maximizes the idler counts, thanks to the associated larger BS-FWM conversion. This case 
also leads to the largest (parallel) Raman noise. By suitably choosing the polarization states of 
pumps and signal, we could vary the number of counts for both the BS idler (blue bars) and 
the Raman noise (green and black bars) in the 1526 nm channel. For instance, in case D, we 
could reduce the BS counts down to the noise level, despite the presence of both pumps and the 
signal. This is due to the switching off of the BS-FWM (see Figf2|l. Here, the blue bar combines 
the Raman noise carried by the two pumps, and its level is equal to the sum of the green and 
black bars. Finally, in case C we could reach an intermediate level of conversion: in this situa- 
tion the sidebands experience perpendicular Raman gain from the pumps. Note that the overall 
performances of cases A and C are similar, namely in terms of nearly equal signal-to-noise ratio 
for the BS idler. With respect to case A, in case C we observe a reduction of the Raman noise 
(which still remains nonzero due to the perpendicular Raman contribution, see the right panel 
of FigO simultaneously with a nearly equal reduction of the BS-FWM conversion efficiency, 
due to the halving of the coupling coefficient for the fields J51 . 




Fig. 3. Left. Experimental results with photon counters (see text for details). Right. Raman 
gain calculated from noise measurements of an extended cavity laser (ECL) at 1540.7 nm. 



As far as the dominant physical mechanism which is responsible for noise in our experiments, 
we observe first that for each pump k the product yP^L ^0.15. Following Ref. 1 16 1, and for the 
range of frequency detunings of our experiments, we can expect that at room temperature the 
Raman noise is significantly larger than the noise originating from spontaneous FWM, which 
moreover requires phase matching. Since the frequency conversion processes take place for rel- 
atively small detunings with respect to the Raman gain bandwidth, two important issues have to 



be considered when studying the noise figure [9|. On one hand, the Raman gain in silica glass 
fibers has a relevant anisotropic contribution [17], and on the other hand, spontaneous Raman 
noise at both Stokes and anti Stokes wavelengths exists at room temperatures [18|. In particu- 
lar, anti Stokes emission is possible due to distributed coupling with phonons. Indeed, for small 
sideband detunings, the phonons energy is comparable to IcbT, where kg is the Boltzmann con- 
stant and T is the temperature. Following Refs. 1131181 . we analysed experimentally the sponta- 
neous Raman emission which is separately induced by each of the two pumps in the absence of 
the signal. We then calculated the parallel (R g n) and perpendicular (R g ,±) frequency-dependent 
Raman gain taking into account the input photon counts. In the right panel of Fig[3]we present 
our experimental results obtained with the ECL laser at 1540. 7nm (as PI) with 1.1 mW at the 
HNLF input. Similar results were obtained when using the IFSFLs pumps, but thanks to the 
narrow spectral width of the ECL, we could explore smaller frequency detunings. For each 
measurement, we averaged the number of detected photons over 60 seconds. The solid curves 
in FigfJ] (right panel) provide the Raman model depicted in Ref. ifTTIl for describing the paral- 
lel and perpendicular components of the Raman gain. That model includes both the isotropic 
(R g ,a) and anisotropic (R g _b) contributions to the Raman gain. We found that this model fits 
our measurements very well, except for its perpendicular component on the Stokes side, where 
we observed a slightly larger orthogonal gain. Fig[3] (right panel) shows that the anisotropic 
Raman contribution is relevant in our experiments, since for small detunings from the pumps 
this contribution is higher than the isotropic one 11171 . As we have obviously R g ^ = R gfi + R g: b, 
while R g ± — Rg^/2, the gain depolarization factor is therefore as high as R gi j_/R g u ~ 0.3. 
This is the reason why Raman noise was observed even in case C. Such a factor is expected 
to drop significantly when the signal detuning grows larger, owing to the predominance of the 
isotropic contribution. Spontaneous FWM may explain some residual disagreements between 
the experimental results and the pure Raman noise assumption. 

5. Conclusion 

To conclude, we explored the BS-FWM process and related polarization dependence in both 
strong signal and photon-counting regimes for small (20 nm) detunings from the pumps at 
telecom wavelengths. We also analysed its competition with noise, mainly of Raman origin. We 
observed a clear enhancement of the mean number of photons per second at the idler channel 
(1526 nm) when BS FWM was active, and the corresponding depletion of signal. We reported 
a significant difference of BS-idler counts between case A, where signal and pumps are all co- 
polarized and case C, where signal is cross polarized with co-polarized pumps (or case B, where 
signal is cross-polarized with pump 1 and cross-polarized with pump 2), which is in reasonable 
agreement with the expected 6 dB difference of the conversion efficiency. One may improve 
the conversion efficiency with a better suited fiber dispersion values and set of wavelengths; 
the idler bandwidth can be reduced by using an appropriate phase modulation for pumps ifTBI . 
Then, to go towards the single photon regime, smarter solution of detection based on time 
and spectral filtering should be implemented. Differently from high index contrast waveguides, 
HNLF fibers have naturally a ZDW close to telecom bandwidth but their full exploitation will 
require new generations of HNLF with specific control of the dispersion fluctuations along the 
fiber length as described in Ref. fl9l . 
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